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Spatial Analyses of Gray Fossil Site Vertebrate Remains: Implications for Depositional Setting 




This project uses exploratory 3D geospatial analyses to assess the taphonomy of the Gray Fossil 
Site (GFS). During the Pliocene, the GFS was a forested, inundated sinkhole that accumulated 
biological materials between 4.9-4.5 mya. This deposit contains fossils exhibiting different 
preservation modes: from low energy lacustrine settings to high energy colluvial deposits. All 
macro-paleontological materials have been mapped in situ using survey-grade instrumentation. 
Vertebrate skeletal material from the site is well-preserved, but the degree of skeletal articulation 
varies spatially within the deposit. This analysis uses geographic information systems (GIS) to 
analyze the distribution of mapped specimens at different spatial scales. Factors underpinning 
spatial association, skeletal completeness, and positioning of specimens were examined. At the 
scale of the individual skeleton, analyses of the Mastodon Pit explore how element completeness 
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CHAPTER 1. INTRODUCTION TO THE PROJECT 
Gray Fossil Site 
 The Gray Fossil Site of Washington County, Tennessee is a paleontological site that was 
discovered in 2000 by the Tennessee Department of Transportation during re-routing of a 
highway corridor near the town of Gray, Tennessee. Sediments that infilled the sinkhole date to 
the early Pliocene (4.9-4.5 Ma) and would have filled the sinkhole deposit over 4.5-11 Ka 
(Wallace and Wang, 2004; Shunk et al. 2009; Samuels et al., 2018). Ecologically, GFS is 
interpreted as an inundated sinkhole surrounded by a hardwood deciduous forest (Whitelaw et al. 
2008; Shunk et al. 2009; Zobaa et al. 2011; Ochoa et al. 2016). Paleontological materials from 
these deposits include a diverse range of floral and faunal remains (e.g., Wallace and Wang 
2004; Liu and Jacques 2010; Bourque and Schubert 2015; Jasinski 2018; Samuels et al. 2018).   
 Vertebrate remains at the GFS are extremely well-preserved, a condition that can be 
attributed to the low energy depositional environment (Shunk et al. 2006). These sediments are 
highly organic, and in some areas are thought to represent a subaqueous, anoxic depositional 
environment (Shunk et al. 2009; Keenan and Engal 2017).  
 In 2015, GFS researchers began excavation of a large mastodon. This deposit contained 
poorly sorted and oxidized sediments exhibiting a wide range of clast sizes, features that are 
uncharacteristic of the rhythmites found in other areas of the site. Particle sizes ranged from 
clays to boulders. A species of Dwarf Tapir, Tapirus polkensis, commonly found in the GFS 
rhythmite deposits were also found in abundance in the poorly sorted sediments of the Mastodon 
Pit. Poorly sorted sediments can be attributed to mass wasting events. Therefore, one possible 
hypothesis that explains this depositional setting is that a mastodon (or a group of mastodons) 
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may have become entrapped in a mass wasting event. This thesis aims to shed light on this event, 
and to reconstruct a taphonomic scenario that is consistent with field observations and the 
distribution of mapped paleontological materials.   
Vertebrate Taphonomy 
Within paleontology, taphonomy is defined as the study of processes acting on an 
individual organism after death, including decay, transport, burial, and diagenesis (Lyman 1994). 
This information helps researchers understand how a fossil assemblage was formed, potentially 
providing estimates of the length of time a site was open (Badgley 1986; Behrensmeyer, 1982; 
Eberth 1990; Rogers and Kidwell 2000), insight into taxonomic representation (Voorhies 1969; 
Behrensmeyer 1991; Lyman 1994), and spatial distribution of vertebrate materials within a site 
(Gilmore 1936; Dodson 1973; Hill 1979).       
During the latter half of the 20th century, many taphonomists explored a variety of 
phenomena through patterns noted in fossil assemblages. For example, Voorhies (1969), 
investigated the impact of flowing water on the representation of skeletal elements. These neo-
taphonomic experiments were designed to investigate how bones are transported in flowing 
water and empirically demonstrated preferred orientation and transport potential of various 
skeletal elements. These processes were further explored by Behrensmeyer (1975). Voorhies 
noted that bones with a distinct long axis will often orient themselves either parallel or 
perpendicular to the current flow depending on the flow’s rate and the asymmetry of the bone in 
the current. Behrensmeyer (1975) used Voorhies’ (1969) studies of skeletal element transport 
potential to create groupings of elements that she termed “Voorhies Groups”. Preferential 
orientation of bones with a long axis, along with the frequencies of Voorhies Group elements 
have been used by taphonomists to infer fluvial impacts on an assemblage (Dodson 1973; 
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Berhensmeyer 1975; Blob 1997; Alberdi et al. 2001). Both fluvial and lacustrine deposits are 
present in the GFS sinkhole, therefore analyses traditionally applied to fluvial and lacustrine 
settings were used to decipher taphonomic processes occurring at the GFS. This project also 
incorporates new data analysis and visualization techniques that augment traditional mapping 
and documentation activities.   
Digital Mapping and Spatial Analyses in Paleontology 
Due to the transient nature of the paleontological record, accurate field documentation is 
critical to ethical paleontological excavation (Rogers, 1994). Historically, mapping of vertebrate 
fossil deposits incorporated a grid system. Excavated specimens are drawn by hand, sometimes 
using a gridded mapping square (Abler, 1984). Hand drawn maps are two-dimensional (2D), 
lacking the three-dimensional (3D) detail present in the sedimentary record, such as when fossil 
material is covered by other material (Brown et al. 2020). These maps are useful for site 
visualization, however, they do not provide key information in the analysis of the sedimentary 
media such as volume, inclination, elevation, or spatial association in 3D. 
  As digital mapping gained popularity through computer applications such as computer-
aided design (CAD) and geographic information systems (GIS), it became clear to some 
paleontological researchers that GIS-based mapping could be invaluable to their studies. With 
this in mind, there was a push to incorporate into fieldwork high precision mapping techniques 
that are more appropriate for working in digital environments. Currently, paleontological 
mapping utilizes three approaches (not mutually exclusive): 1) create maps by hand that are 
subsequently digitized (Bramble 2014), 2) mapping specimens with GPS (Brown 2020), and/or 
3) mapping specimens with survey-grade total stations (Lien et al. 2002; Albert et al. 2018). 
Each technique has advantages and disadvantages, however, a total station has been used to map 
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specimens at GFS since 2001 (Burdick et al. 2002; Nave et al. 2005;). Although it is an 
investment in time, money, and expertise, a total station system allows field researchers to map 
and document paleontological materials quickly and accurately. These data are easily transferred 
to a GIS for visualization and analysis.  
Layout of study 
 This study has two objectives. First, this thesis will describe a digital approach to 
documenting paleontological sites using modern geospatial tools and techniques. Second, these 
techniques are applied to taphonomic questions at two distinct spatial scales, site-wide and pit-
based. Chapters topically reflect these two objectives. Chapter two describes the workflows for 
using GIS to map objects and surfaces identified during field excavation. Chapter three uses 
exploratory 3D GIS analyses to examine taphonomic processes at work in the GFS to delineate 
intra-site spatial differences between low-energy rhythmite depositional settings and poorly 









CHAPTER 2. A WORKFLOW FOR THE DOCUMENTATION AND ANALYSES OF 
GEOSPATIAL FEATURES AT PALEONTOLOGICAL SITES 
DAVID CARNEY  
East Tennessee State University, Department of Geosciences, Johnson City, Tennessee, 37604, 
USA 
Keywords: GIS, taphonomy, UAV, 3D mapping  
Abstract 
 Maps of paleontological localities provide invaluable information for understanding 
ancient life and past environments. Mapping has been an important tool employed by 
paleontologists for decades, though the methods have changed through time. Thorough mapping 
of fossils and documentation of their depositional context is required for spatial taphonomic 
investigation, which must be completed prior to making interpretations of the site’s 
paleoecology. Over the past few decades, palaeontological site mapping has incorporated 
emerging digital technologies to facilitate the mapping process and expand its capabilities. 3D 
mapping is now possible with various tools, including high-precision surveying equipment and 
geographic information systems (GIS). The dataset of mapped specimens (N > 30,000 points) 
from the Gray Fossil Site (GFS) provides an excellent platform for testing new 3D methods.  
This project provides workflows for processing raw collected data into meaningful digital 
products. Mapped objects are converted into features and drone-collected aerial imagery of one 
of the site’s excavation pits are converted into raster-based files. Together, these digital products 
provide an interactive environment for exploring and testing spatial aspects of hypothesized 
depositional environments.   
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2.1 Introduction 
Mapping the natural world has become an integral part of many studies, as the “where” is 
often just as important as the “what”. Maps have evolved into a collection of databases that are 
maintained, visualized, and quantitatively analyzed within Geographic Information Systems 
(GIS). Recent advances in computing power, remote sensing, spatial analytics, and 3D 
visualization have made spatial analyses important tools for asking increasingly sophisticated 
geospatial questions (Grieves 2019). Such spatial tools provide a robust, comprehensive 
approach to the analysis of real-world spatial phenomena (Batty 2018). The concept of a real-
world system that is digitally replicated has been referred to as a digital twin (Grieves 2014). The 
goal of a digital twin is to improve predictions, automation, and models of real-world systems for 
better analysis (Grieves 2019). These ideas have been applied in industrial and urban planning 
contexts and show promising results (Schrotter and Hürzeler 2020).  
While the natural world functions differently than built environments, it also functions in 
predictable ways. Maps have aided in visualizing natural phenomena, but the idea of a digital 
twin can add a predictive aspect to these applications through spatial analytics.  
Geological applications present a unique challenge to spatial analyses as the subject of 
study is often underground. Paleontology is one area where mapping has proven to be valuable, 
though particularly challenging. Spatial analyses of paleontological localities provide 
quantitative and empirical data that support in in situ observations as well as document 
phenomena that is unobservable in the field (Albert et al. 2018; Behrensmeyer 1975; Friscia et 
al. 2008; Giusti et al. 2018; Mackie et al. 2020; Voorhies 1969). These are but some of the 
reasons why the idea of a digital twin--a realistic digital representation capable of evolving with 
the collection of new data--is well suited to answer paleontological research questions.   
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Fossil-bearing deposits are geologically, stratigraphically, and taphonomically complex. 
Taphonomic analyses help reveal the depositional history of a site, which is important to 
understanding the preserved flora and fauna (Alberdi et al. 2001; Friscia et al. 2008; Lyman 
1994; Voorhies 1969). Taphonomy, or the study of the fossilization process (Behrensmeyer 
1988), relies heavily on the context of fossils within a sedimentary matrix. This association 
between fossils and the sediments in which they are preserved can reveal past landscape 
processes (Voorhies 1969). These relationships must be understood before paleoecological or 
chronological analyses reach their full potential (Akersten et al. 1983).  
The process of excavation is inherently destructive. Despite the research potential of 
excavated paleontological materials, the removal of in situ materials ultimately erases 
information about the depositional history of the site. Specimen size, orientation, arrangement, 
and completeness are some of the attributes of mapped data that can be used in taphonomic 
analyses to reveal patterns in the preservation of the fossil material (Lyman 1994). It is therefore 
critical to document taphonomic patterns during field excavation through accurate mapping of 
materials removed from a site.  
Historically, mapping of paleontological sites relies on the establishment of a local grid 
coordinate system (Rogers 1994). Throughout excavation, the location of macrofossils and 
sedimentary features are hand-drawn within this coordinate system (Bramble et al. 2014). Local 
grid systems can be geo-referenced and transformed to regional-scale coordinate systems such as 
state plane or UTM to place them within the context of independently collected topographic or 
geological data (Hill et al. 2020). However, the process of conversion introduces several 
inaccuracies into the spatial dataset. Hand-drawn maps may not consider the 3D length and 
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positioning of fossil material as they are drawn in only two dimensions. This can lead to scaling 
errors in georeferenced maps. 
Some researchers have digitized hand-drawn maps by scanning and manipulating them 
with computer software (Bramble et al. 2014; Eberth and Getty 2005; Ryan et al. 2001). These 
techniques are time-consuming and provide limited analytical power. This approach provides a 
2D rendition of the site, which potentially limits the visualization of complex topographic or 
stratigraphic relationships. Fossils and their surrounding matrix are 3D phenomena and 
presenting them two dimensionally reduces the observable topological interactions inherently 
present in the deposit.  
In recent years, paleontologists have begun to integrate geospatial survey instruments, 
such as high accuracy global positioning systems (GPS) and total stations, into their mapping 
procedures (Albert et al. 2018; Brown et al. 2020; Nave et al. 2005; Burdick et al. 2002). Digital 
and GPS-enabled survey instrumentation improves accuracy, precision, and speed when 
collecting geospatial data. Additionally, these methods are more compatible with digital post-
processing procedures as they remove many of the manual steps required to digitally replicate 
traditional site maps and minimize transcription errors. Geospatial data can be directly 
incorporated into a GIS using software such as Esri’s ArcGIS Pro. GIS can display complex 
spatial data and incorporate spatial tools for data analysis. GIS programs now support 3D 
interfaces (e.g., called “scenes” in ArcGIS), which can be used to interpret the complex 3D 
nature of geologic deposits and mapped fossils preserved within. 3D tools are particularly useful 
in the mapping and documentation of below-ground resources. Digital site mapping has been 
carried out at archeological sites for decades (Apollonio et al. 2012; Estrada-Belli 1999; Giusti et 
al. 2018; Kvamme 1995; Mackie et al. 2020; Nigro et al. 2003), but is still rare in paleontology. 
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The Gray Fossil Site (GFS) provides the opportunity to assess these 3D applications since 
excavators have routinely used a total station to document the location of paleontological 
materials for the last 20 years. Mapped data are stored in a geodatabase and provide a large 
sample for rigorous taphonomic analyses. Methods for geospatial documentation, geostatistical 
analyses, and 3D visualization are described herein. These methods include techniques for 
mapping fossil materials, topographic, and geological features; as well as subsequent data 
conversion for integration into a 3D GIS platform. Together, these analyses offer insight into the 
potential of geospatial 3D modelling for intensive and efficient taphonomic studies.    
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2.2 Site Background 
The GFS is located in Washington County, Tennessee (Figure 2.1) and was discovered 
by the Tennessee Department of Transportation (TDOT) in 2000 (Wallace et al. 2002). As 
TDOT began rerouting State Route 75, they uncovered fossils and brought the site to the 
attention of paleontologists. The GFS covers a lateral area of about 2.6 ha and reaches depths of 
about 40 m below ground surface (Shunk 2006; Whitelaw et al. 2008).  
 
Figure 2.1 Aerial view of the Gray Fossil Site in Gray, Tennessee. Excavation pits are 




Paleontological materials at the GFS date to the early Pliocene (4.9-4.5 Ma) (Samuels et 
al. 2018; Wallace and Wang 2004). At this time, the GFS was an inundated sinkhole that infilled 
with fossiliferous deposits (Ochoa et al. 2016; Shunk et al. 2009). Nave et al. (2005) described a 
method of paleontological documentation using high-accuracy, survey-grade instrumentation. 
This system has been in place since 2001. Surveying each fossil is valuable for rigorous 
geostatistical analyses of site formation and taphonomic patterns (Ketchum 2011; Nave et al. 
2005; Burdick et al. 2002). Survey data are maintained in a geodatabase.  
In 2015, field crews at GFS began the excavation of a relatively complete mastodon 
skeleton, the largest animal yet to be discovered at the site. Sedimentological characteristics of 
the area where the mastodon was found were unlike the fine-grained clay deposits that 
characterize other excavated areas at the GFS (Shunk 2006). Sediments of the Mastodon Pit are 
poorly sorted with highly variable particle sizes, from clay to boulders. The taphonomic pathway 
for the material in this pit is very different from other areas of the site and warrants further 
investigation.  
This study offers a workflow for analysis and visualization of the distribution of 
paleontological materials at the GFS at two spatial scales: 1) small-scale relationships of bones 
with related geological phenomena in the 63 m2 Mastodon Pit, as well as 2) overall trends in 
skeletal completeness and specimen positions across the 2.6 ha GFS site. With the 3D 
coordinates collected by surveyors at GFS, a 3D scene -constructed from many, georeferenced 
3D models is created in ArcGIS Pro. These methods also incorporate analyses of attribute 
information tied to mapped specimen.   
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2.3 Materials  
All mapped paleontological materials are from GFS deposits. Fossil-bearing matrix is 
hand-excavated in 1x1 m squares to facilitate complete recovery of macro and micro fossils. 
Excavated sediments are collected from each square, their location noted, then water-screened 
through 1.7 mm mesh screens. Screened matrix is invaluable to paleontological research as it 
provides systematic recovery of microfossils, which has led to the description of several new 
taxa of plants and animals from the site (Bourque and Schubert 2015; Jasinski 2018; Liu and 
Jacques 2010; Mead et al. 2012; Ochoa et al. 2016; Parmalee et al. 2002). Vertebrate 
macrofossils are flagged, surveyed with the total station, then removed. All fossil specimens, 
field notes, and digital field data are stored in the GFS Museum. These data were incorporated 







Figure 2.2 Three separate primary data sources (red) were incorporated into our study. 
Spreadsheets (purple) used as a basis for shapefiles were generated from field notes and joined to 
the total station spatial data using the field number. Surface mapping of the site’s excavations 
used aerial imagery collected from an unmanned aerial vehicle (UAV) (gray). Shapefiles and 
raster-based data were saved in a geodatabase and also stored in the GFS Museum (red).   
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2.4 Methods 
These methods describe the creation of a digital twin of the GFS. A digital twin improves 
asset management and facilitates geoanalytical analyses at multiple spatial scales to better 
understand natural phenomena preserved within.  
2.4.1 Mapping the Site 
2.4.1.1 Total Station Object Mapping 
Total Station Procedure. A total station with attached data collector is used for mapping 
at the GFS. Between 2002 and 2016, spatial coordinates of paleontological objects and 
geological features was collected using a Topcon GPT 3002. Since 2017, all spatial data have 
been collected using a Sokkia CX-105. Raw spatial data are downloaded from the data 
collector as a .csv for subsequent archiving and analysis. Each record contains a field 
number, along with the Northing, Easting, and Elevation recorded in the Tennessee State Plane 
coordinate system.   
Total station data are point-based and well-suited for point-based shapefiles in a GIS. The 
horizontal and vertical accuracy of points collected by the total station is within a few 
millimeters (Nave et al. 2005), while some of the most accurate GPS systems such as Real-time 
Kinematic (RTK) GPS systems are accurate within centimeters (Safrel et al. 2018). It should be 
noted that a total station requires a hardware operator as well as a “rod person” responsible for 
situating the target prism. Reflectorless total stations only need one surveyor and are capable of 
placing points on hard surfaces, but these systems are more costly and sacrifice some accuracy 
(Ali et al. 2016). It should also be noted that unlike GPS units, a total station does not need to 
connect to satellites to locate a point in a 3D grid. Other features such as boulders or other 
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geologic phenomena can also be mapped and given discrete identifiers in the dataset. To date, 
researchers at GFS have mapped over 30,000 points at the site.    
Total Station Dataset. At GFS, spatial datapoints represent morphological landmarks on 
fossil material (Nave et al., 2005). Elements with a long axis are mapped with a minimum of two 
points, one at each end. However, elements that are more complex shapes can be represented by 
dozens of points.  
 Although a total station is capable of mapping points, lines, and polygons, the system in 
place at the GFS has evolved to treat each mapped specimen as a series of associated points that 
reflect multi-dimensional polygons.  Each data point is assigned a unique Field Number with 
embedded information about the mapped specimen (Figure 2.3) (Nave et al. 2005). Importantly, 
field numbers tether the spatial data to hand-written field notes and provide a framework for 
documenting the relationships between data points at the fragment, skeletal element, and 
individual skeleton levels. Individual fragments are not identifiable in the developed system, 
however, sketch maps created in the field denote where points are placed on a fragment (Figure 




Figure 2.3 A breakdown of the field number format entered for each survey shot stored in the 
total station. The first portion (orange) is the date in which the specimen was found. The second 
portion (green) represents the order in which specimens were found on the given day. This 
portion always has 3 digits associated with it to keep character length consistent. If these two 
portions are identical on two different survey shots, the two shots represent the same individual 
animal. The third portion (red) of the field number indicates the skeletal element represented by 
the survey shot. If the first three portions of the field number are identical between two survey 
shots, the survey shots (and coinciding field numbers) represent the same skeletal element from 
the same individual. The fourth portion (blue) represents the survey shot number that was placed 




Figure 2.4 Field notes recorded to supplement the total station point-based dataset. The field 
number is recorded along with the rough sketches of the fossils and point placement. 
 
Field Notes.  The Sokkia total station is used to record one line of information per 
mapped point. The system allows more detailed inputs as opposed to one line, however the GFS 
workflow is designed with field expediency in mind. Field notes are recorded with a system in 
place to link this information to the feature recorded in the total station. Field notes contain field 
numbers with associated taxonomic and anatomical information, as well as a sketch map of the 
location of mapped morphological landmarks. Taxonomic information was also checked against 
post-preparation records for accuracy. For isolated elements, 1 - 2 survey points are adequate; 
however, complex associated specimens are mapped in a manner that preserves spatial 
relationships.  Field sketches that illustrate in situ skeletal elements along with the location of 
mapped points placed on the element can help keep the layout of a complex specimen organized. 
  Because fossils are prepared and stored on site, plaster field jackets are rarely used to 
transport material. If field jackets are used, jacketed specimens are surveyed both before (upper 
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surface) and after (lower surface) removal.  Specimens are typically bagged in the field and the 
field number is written on the bag. 
 The field number written on the bags can be identified in the rough schematic sketch of 
the associated skeleton. The notes and schematic sketches can be referred to during the 
preparation of fragmented specimens. Figure 2.4 illustrates the field documentation of a 
complex in situ specimen. A spreadsheet containing what associates the field number with 
taxonomic and anatomical details from the field notes is a necessary precursor to integration with 
the spatial geodatabase. This spreadsheet is then joined to the geodatabase using the “field 
number” providing the real-world location of a specimen.   
2.4.1.2 UAV Flight Surface Mapping  
 Although plane or satellite-based elevation datasets (e.g., LIDAR) may be available for a 
site, they do not reflect local, short-lived surface changes resulting from paleontological 
excavations (Brown et al., 2020), nor are they accurate enough to delineate the sub-meter 
topographic differences that are often important to paleontological analyses. Unmanned aerial 
vehicle (UAV) flights can occur at defined intervals throughout an excavation season, or 
annually to document all changes that take place during a year. This procedure tested the 
capabilities of UAVs to map mid-scale (1-5 Ha) and large-scale (<100 m2) surface features.   
 UAV Specifications. The DJI Mavic Pro UAV is controlled by a remote device which is 
linked to the DJI Pilot App for Android. The app allows the user to plan automated flights for 
mid-scale mapping. However, mapping small areas at elevations <12 m requires manual piloting. 
As the UAV completes its flight, the pilot in command takes photos using the DJI pilot app 
feature and camera mounted on the UAV. The UAV records GPS coordinates and real-time 
flight imagery. The Mavic Pro camera features a 35mm lens with 20 million effective pixels. 
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Each image taken during flight then has GPS data associated with it and can be uploaded into a 
GIS. 
GFS Flight Missions. Surface mapping of GFS was completed with a DJI Mavic Pro 
UAV equipped with a gimbal-mounted camera. The DJI Pilot app for Android was used to create 
pre-planned missions. This automated flight feature was used for a flight that mapped 
approximately all 2.6 ha of GFS at an altitude of 30m. The flight acquired over 350 photos and 
took less than 18 minutes.  
A second flight at lower altitude captured high resolution photos of the mastodon 
excavation pit.  The UAV was manually flown in a grid pattern, approximately 3-4 meters above 
the ground, and acquired over 300 photos. Photos were taken with the camera facing in a 
downward vertical direction and also at an oblique angle to the horizontal surface in an attempt 
to highlight the vertical walls of the excavation pit.  
For site-scale mapping, vertical UAV images were required to reduce skewing of the 
surface during post processing. However, for accurate 3D photogrammetry of small-scale 
features such as excavation pits, oblique-angle photos help to highlight features with high slopes 
(such as the excavation pit walls). Photos are saved on a micro-SD card and uploaded to a 
computer for post-processing. 
2.4.2 Software Procedures for Mapped GFS Data 
 ArcGIS Pro (version 2.6.3) and the associated 3D Analyst extension were used to create 
shapefiles from the datasets representing mapped objects. The Ortho Mapping Workspace was 
used to process the aerial photos taken by the UAV to create mapped surfaces.   
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Agisoft Metashape (version 1.6.5) was used to create geo-referenced 3D meshes from 
UAV images. Rendered DEMs and orthomosaic photos were both incorporated into 3D scenes in 
ArcGIS Pro.  Surficial 3D models were created and exported as .OBJ files with associated 
textures. This format is incorporated into 3D scenes in ArcGIS Pro, but is also compatible with 
3D modeling programs including a variety of open-source software available for printing, 
editing, modelling, and distributing 3D models (e.g., Sketchfab, CloudCompare, Meshlab, 
Blender).   
2.4.2.1 Procedure A. Volumetric Analyses of 3D Objects 
Data Preparation. Datasets were edited and cleaned in Excel. Data hygiene is time-
consuming, but a critical and necessary step in the integration of spatial and field datasets. 
Database fields include “Field Number”, “Northing Value”, “Easting Value”, “Elevation”, 
“Taxa”, and “Anatomical Element”. Additional fields such as “Skeletal Completeness” (total 
number of skeletal elements preserved for a given individual), and “Axial vs. Appendicular 
(left/right)” were also incorporated into the datasets for additional analyses of preservation 
patterns at the GFS depending on the analysis.  
Fields incorporating hierarchies of anatomical information (i.e. skeletal element, body 
portion, and symmetry) were reserved for highly complete and associated specimens of interest. 
With fields organized in this fashion, “Select by Attribute” queries in ArcGIS Pro were 
executed to select particular elements of a skeleton (i.e., highlight all elements associated to the 
left side of an individual). The “Select by Attributes” tool was particularly helpful when creating 
a Minimum Bounding by Volume (MBV) for the entire mastodon as it could be used to ensure 
points were incorporated into the correct MBV object. The field number format stored in the 
total station spatial dataset can also link points together depending on if they are referring to the 
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same individual and even the individual’s anatomical element. This information can support 
analyses investigating degrees of association and articulation, which are known to 
have taphonomic implications (Lyman 1994).   
GIS Products. Three shapefile products were created in this assessment, including 3D 
point-based, 3D vector-based, and 3D polygon-based shapefiles.  
3D Point Shapefiles: The “XY Table to Point” tool within the data management 
toolbox was used to create a shapefile containing all points of interest. This tool requires inputs 
for “Northing”, “Easting”, and “Elevation” (optional for 3D) that must be organized as fields on 
the input table. The coordinate system used here must match the coordinate system tied to the 
total station’s dataset for the points to appear in the correct space. The shapefile created from this 
tool provides a basic visualization of where things are located as represented by points. The 
points can reveal information about the proximity of specimens to one another in 3D space.   
3D Vector Shapefiles for Fragments with a Long Axis: Regardless of how flat a bone 
fragment sits in situ, the orientations of bone fragments with a long axis have implications for 
interpretation of the depositional environment (Shipman 1981; Varricchio et al. 1995; Voorhies 
1969). Fragment depictions in the field notes were scrutinized to ensure that they displayed a 
distinct long axis. Survey points were collected at the ends of in 
situ   specimens exhibiting a distinct long axis. Vector-based shapefiles were created by 
connecting these endpoints on the surveyed bones. A vector-based map display will not show the 
fragment volume but is a way of visualizing trends in orientation (Eberth et al. 2007; Rogers 
1994).  Some authors have even argued that these types of theoretical maps are easier to 
visualize than detailed bonebed maps (Eberth et al. 2007).  
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A new dataset that exclusively includes the points associated to bone fragments with a 
long axis (e.g., limb bones, ribs) was created using the “XY Table to Point” tool. This point-
based shapefile is then used in the “Points to Line” (PTL) tool which treats points as vertices on 
a line. A “Line Field” was added to the attributes of the point-based shapefile before it is used as 
the PTL input feature. The “Line Field” is what the tool uses to associate a proximal point to a 
distal point. When run, the PTL tool creates a new vector-based shapefile. This 
shapefile contains a new field; “Shape Length”. The units of the “Shape Length” depend on the 
coordinate system of the shapefile, but this value represents the length of the fossil’s long 
axis. We used NAD 1983 (2011) State Plane Tennessee FIPS 4100 (Meters) which used meters 
for the “Shape_Length” field. This information is fundamentally valuable to a taphonomic study 
and can be calculated by ArcGIS as opposed to physically collecting this information in the field 
(Bramble 2014). The length of a bone’s long axis also facilitates trigonometric calculations of 
the inclination and the orientation. These data are visualized using rose plots 
and stereonets (Shipman 1981).    
          3D Volumetric Shapefiles: The MBV tool can be used to create 3D shapes of point cloud 
data. Surface area and volume of each 3D entity is added to the attribute tables of newly created 
shapefiles. 3D volumes created with the MBV tool are used to examine complex topological 
relationships between field objects (e.g., vertebrate skeletons, boulders); however, all elements 
must have a minimum of 3-4 points per fragment. When editing the MBV parameters, “convex 
hull” was selected for the output feature class type. This resulted in a shape limited to the 
smallest possible space that surrounds all grouped points. The “group by'' parameter is also 
important, as this relies on a field in the attributes that groups points to be bundled to create a 
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single shape much like the line field when using the PTL tool. This field used to group points 
must be edited so that there are no points excluded from the groups.    
The procedure involved with creating a dataset for the MBV tool is time-consuming 
and recommended only for relatively complete individual skeletons. The ArcGIS Pro 3D Analyst 
extension continuously adds to its capabilities and functions but there are some 
limitations (Albert et al. 2018). Currently, raw point-based shapefiles have much of the same 
utility as 3D polygon-based shapefiles. 3D polygon-based shapefiles will become important for 
volumetric analyses as the 3D Analyst extension is further developed. 
2.4.2.2 Procedure B. Documentation of Paleontological Sites Using UAVs 
Two separate software platforms were used to process the aerial UAV photos. These 
photos were imported and aligned in Metashape to create a 3D model that was exported to 
textured 3D file formats (e.g., .OBJ/.PLY). ArcGIS was used to export a DEM and 
accompanying orthomosaic of the excavation pit. An .OBJ file is connected to a texture file that 
contains color for the object/surface. A DEM is a raster file which contains pixels that have 
elevation values associated with them. An orthomosaic is also a raster file where the pixels 
represent colors. A DEM represents a 3D surface while an orthomosaic is an image that overlays 
the DEM.  
Metashape: Metashape was used to import and align 86 spatially-referenced UAV photos 
of the Mastodon Pit. These photos were initially used to create a sparse point cloud. A dense 
point cloud was then created by filling in the spaces between the points of the sparse point cloud 
with more points. A texture or mesh can then be applied to the dense cloud to see the overlain 
images in a 3D environment. This 3D model is exported as a .OBJ file. 
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The .OBJ file can be imported to ArcGIS Pro using the Import 3D Files tool. The 
placement of the file is marked by a placement point file, which is set to represent the center of 
the .OBJ feature. The feature may need to be shifted, which will require a change in the location 
of the placement point or manual editing with tools accessible in the “Modify Features'' pane 
(Hill et al. 2020). Hill et al. (2020) used the same tool to import 3D scans of fossils from La Brea 
Tar Pits, Los Angeles, showing that scanned fossil material can be imported into a GIS and 
arranged to be oriented as they were when in situ. This method works well if the scanned fossil 
material is similar to how it looked when in situ. If scanned material was fragmented in the field 
and re-assembled, it will not reflect its in situ appearance, size, or orientation. 
Ortho Mapping Workspace in ArcGIS Pro: The same spatially referenced photos were 
imported into ArcGIS Pro’s Ortho Mapping Workspace. The workspace is used to adjust (similar 
to alignment) and refine the images. Once this is done, the images can be used to create DEM 
and orthoimagery raster files. The layer may require raster math editing if integrated with other 
DEMs in the site GIS.  
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2.5 Results 
2.5.1 Mapped Objects 
2.5.1.1 Point-Based Analyses  
Shapefiles consisting of points on anatomical landmarks include the following fields: 
“Field Number”, “Northing”, “Easting”, “Elevation”, “Preliminary Taxonomic Identification”, 
and a metric reflecting the number of associated skeletal elements in a group (i.e., “Skeletal 
Completeness”). Figure 2.5 is a layout view of the shapefile with the symbology set to display 
points with graduating color intensity based on the given individual’s amount of skeletal 
completeness.  
 
Figure 2.5. A point-based shapefile layer containing all points associated with tapir specimens. 
The field number can be used to sum elements associated with a given individual. The 
symbology of the shapefile was set to graduated colors based on the Skeletal Completeness 
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attribute field. Highly articulated tapir individuals are represented by dark purple points while 
isolated tapir fragments (Skeletal Completeness = 1) are represented by lighter colored points.  
2.5.1.2 Vector-Based Analyses 
Vector shapefiles represent the length, location, and positioning of bones with a long axis 
(Figure 2.6). Attributes include “Field Number”, “Northing”, “Easting”, and “Elevation” for 
uppermost and lowermost endpoints. These data are associated with fields reflecting “Skeletal 
Element, “Preliminary Taxonomic Identification”, and “Vector Length”. Elements can be 
queried by taxon, individual skeleton, or skeletal element class.    
 
 
Figure 2.6 A vector-based shapefile layer with vectors representing the longest length of bones 
with a long axis. This layer was added to a blank 3D local scene. The view is set with an oblique 
view to highlight the 3D orientation of the vectors. One vector was selected to reveal the 
attributes associated with it.    
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2.5.1.3 Volumetric Analyses 
A near complete mastodon skeleton was discovered at GFS in 2015, and has been 
thoroughly surveyed during excavation. This skeleton was discovered in an oxidized matrix 
consisting of poorly sorted sediments with clasts ranging in size from clays to boulders. The in 
situ location of all mastodon specimens and boulders was recorded (Figure 2.7). Considering the 
complexity of the deposit, time was taken to add detailed anatomical attribute fields to the 
shapefile. Fields include “Field Number”, “Spatial Coordinates”, “Skeletal Element”, “Body 
Portion”, and “Symmetry”, as well as surface area and volume of the MBV polygon.  
 
 
Figure 2.7 3D polygon-based shapefiles of the mastodon and boulders excavated in the 
Mastodon Pit. This excavation pit features a complex geology that is uncharacteristic compared 
to the geologies of other pits. 3D objects were created using the Minimum Bounding Volume 
tool in the 3D Analyst extension with mastodon and boulder point-based shapefiles used as 
inputs. Pit model can be viewed in an ArcGIS Online 3D interface at https://arcg.is/1T5mqL0.  
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2.5.2 Mapped Surfaces 
Surfaces can be portrayed as a raster file layer that uses pixel values to display 
information. Surfaces can also be portrayed as complex 3D objects.  
2.5.2.1 3D Surface (UAV Structure-From-Motion) 
The photogrammetric 3D surface model was imported into an ArcGIS Pro Local Scene as 
an .OBJ. The dimensions of the .OBJ reflected the real-world dimensions of the excavation pit as 
this information was preserved during Metashape processing. The imported feature can be edited 
using the “Modify Feature” tool to manually georeference the file within the 3D scene. Once 
imported to ArcGIS Pro, the .OBJ dimensions remain intact, but the feature loses its texture (3D 
color) as it is imported. ArcGIS Pro currently does not have an option to add the texture files to 
the imported file.   
The Ortho Mapping Workspace feature in ArcGIS Pro was used to create a high-
resolution, large-scale DEM and orthomosaic aerial photo of an excavation pit (Figure 2.8). The 
Raster Calculator tool was used to compile this large-scale DEM to a lower-resolution DEM of 
the entire site. The compiled DEMs are not matched up perfectly in a vertical sense, but the 
larger-scale high-resolution DEM’s real-world horizontal location is accurate. This orthomosaic 
can then be added as a 2D layer in the scene. The orthomosaic will drape the DEM, adding 




Figure 2.8 A comparison between the two surface maps of the Mastodon Pit at GFS created from 
UAV aerial orthophotos. (A) is a texture-less feature that was created in Agisoft Metashape and 
imported into ArcGIS Pro using the Import 3D Files tool. The shading feature in ArcGIS Pro 
allows one to see the complexity of the topography of the Mastodon Pit. Surface map (B) is a 
two-part map with a DEM used as an elevation surface within a 3D local scene. An orthomosaic 
photo is then added as a 2D layer overlaying the 3D DEM. The two interlinked layers were both 
created using the Ortho Mapping Workspace in ArcGIS Pro. 
   2.5.2.2 Integration of Point, Vector, and Volume Datasets with High-Resolution Surface 
Mapping 
  Once the surfaces have been mapped, shapefiles can be added to the scene (Figure 2.9). 
Shapefiles should be displayed using their “Absolute Height” in the elevation tab of the 
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shapefile’s properties. The cartographic offset can be used to vertically refine shapefiles to a 





Figure 2.9 A 3D local scene featuring both the mapped surface of the Mastodon Pit along with 
the articulated mastodon and boulder objects. The elevation of the 3D shapefile objects can be 
edited to ensure they are sitting at the correct level on the 3D surface. 
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2.6 Discussion  
2.6.1 The Utility of GIS and Spatial Analytics in the Analysis of Paleontological Sites  
Workflows within this study provide an avenue for integration of paleontological spatial 
data into GIS analyses. Fossils at the GFS are mapped with a total station to preserve the in situ 
position of fossils. This information is organized in a database and attribute information from 
hand-written field notes is appended to the database. These data can be visualized in 3D scenes 
as raw point-based shapefiles and can also serve as a basis for more complex shapefile types 
such as vector-based and 3D polygon-based shapefiles. Each one of these shapefiles stores 
spatial and attribute information, which can be incorporated into spatial analyses. The 3D 
Analyst extension provides tools to analyze spatial patterns within 3D features, but the stored 
attributes can also be analyzed in other programs such as R statistics. 
 This research demonstrates how a suite of GIS and GIS-aligned tools can be used to 
create, visualize, query and store paleontological data. This approach is not new to paleontology, 
though the analytical potential of a 3D GIS remains largely unexplored. Hill et al. (2020) also 
developed methods for incorporating fossil material into a GIS at the La Brea Tar Pits of Las 
Angeles, CA. Their approach utilized 3D scans of fossils and imported them to a GIS. This 
method provided highly accurate renditions of the fossils, but there are some caveats including 
manual positioning of the imported files in GIS and somewhat limited analytical power. 
Additionally, 3D scans of prepared fossils may not reflect their in situ appearance because fossils 
are often preserved as fragments. The taphonomic pathway of fossils at the GFS is quite different 
from the pathway of Rancho La Brea specimens. These pathways lead to differences between 
fossil assemblages that may require different solutions.  
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Hill et al. (2020) also attempted to evaluate the positional accuracy of their 3D models. 
These positions were in reference to manual grid measurements tied to a local grid system. 
Mapping with a total station removes this procedure and provides higher accuracy than manual 
grid mapping systems. 3D models must be imported and manually positioned one at a time, 
while creating 3D point shapefiles using geoprocessing tools in ArcGIS Pro can be quickly 
performed on all mapped fossils.  
2.6.2 Considering the GFS Mastodon Pit 
Visualizing the in situ, tapho-fabric of a site has interested paleontologists since the 
founding of taphonomic science (Efremov 1940; Voorhies 1969). The Mastodon Pit is a complex 
deposit requiring further investigation to elucidate taphonomic pathways. Though we have not 
done that here (see chapter 4), we note that having the ability to view the spatial complexity of a 
deposit in 3D will assist in the interpretation of its taphonomic history. There is a clear relation 
between the boulders and mastodon preserved in the deposit, and volumetric mapping of these 
features may lead to an understanding of topological relationships that is not possible with point-
based shapefiles.  
Examining the 3D model of the mastodon and boulders in the deposit (Figure 2.7) begins 
to highlight irregularities noted in the mastodon remains. It is clear that these features are 
entangled within a 3D space. However, can we also use the model to come to a more complete 
understanding of the site’s depositional history? The MBV models of the GFS mastodon 
illustrate that the animal was preserved in relative anatomical order. Most bone fragments are in 
anatomical order and are near other elements that articulate with them. Exceptions to this pattern 
include the head of a femur that is over a meter away from the nearest pelvis fragments. 
Additionally, the sacrum has been shifted to a position anterior to the pelvis, and rib and vertebra 
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fragments accumulated at an elevation below the mastodon’s main fossil horizon. This is a 
preliminary look at the mastodon skeleton and, though it seems clear that it was deposited 
simultaneously with the boulders, there are irregularities within the skeleton that need to be 
addressed before the depositional history comes into clearer focus. 
2.6.3 Excavations Mapped as Surfaces  
Metashape and ArcGIS Pro both have workflows for spatially referenced UAV photos. 
UAV technology has drastically improved within the last five years, and both platforms are 
capable of using captured imagery to create high-resolution geospatial products that were 
previously unavailable, or unavailable at cost and scale. When working at small spatial scales 
such as excavation pits at paleontological sites, UAV-based digital elevation products still 
require manual editing. Both programs were able to make these excavation pit-sized surfaces 
capturing the vertical walls of the pits. The orthomosaic and DEM provided by the ArcGIS Pro 
workflow provided high resolution imagery, but the DEM’s resolution captured less spatial 
complexities than Metashape’s .OBJ file. A caveat with .OBJ files is that associated textures 
could not be imported into ArcGIS Pro. It should be noted that all surfaces created had to be 
manually edited in ArcGIS Pro to improve their vertical accuracy using raster math. With this in 
mind, Metashape’s .OBJ file was preferred for visualization. Not only did the file seem to have 
better resolution, but it was converted to a shapefile, which was easier to edit using the “Modify 
Feature” tool. The raster-based DEM will be more useful for spatial analytics as raster files are 
commonly incorporated into spatial analytics. 
2.6.4 Future Research 
Workflows described in this study are valuable as digital spatial products become more 
accurate and precise, and are also more editable, interactive, and analytically useful (Albert et al. 
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2018). Maps detailing the anatomical morphology of mapped bones may be visually appealing, 
but simple maps featuring lines and basic shapes work well to display taphonomic information 
(Brown et al. 2020) and are scale-able from meters to hectares. 
 Overall, these procedures take little time once data are organized into spreadsheets. This 
process could be more efficient through the incorporation of digital field notes. Digital field 
notes could be formatted in a program such as Survey123 (3.12, ArcGIS), simplifying and 
streamlining fieldwork. Hand-drawn sketches were incredibly useful when deciphering the 
remains of complex associated individuals. Digital field notes could even incorporate a picture of 
the hand-drawn field notes or an annotated photo of the excavation to capture advantages of both 
field note methods. Digital notes could then be exported into a geodatabase for statistical 
analyses and incorporated into ArcGIS Pro.  
High resolution spatial data can aid in better understanding the relationships in fossil 
materials preserved in complex deposits (Albert et al. 2018; Guisti et al. 2018; Mackie et al. 
2020). These new studies have incorporated highly accurate, point-based data to calculate 
metrics such as length, surface area, and volume.  This study provides a proof of concept, 
allowing paleontologists the ability to ask questions they were not able to ask before as 3D 
geostatistics can be applied to models of in situ carcasses. Vector- and volume-based shapefiles 
add topological data to points, unlocking many new avenues of research. As 3D spatial analyst 
tools continue to mature, new analyses will be possible. 
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2.7 Conclusion 
Digital object mapping of paleontological sites is made possible by survey grade field 
technology such as GPS, total stations, and UAVs. These mapped objects can be analyzed and 
visualized as 3D point-based, 3D vector-based, and 3D polygon-based shapefiles. The utility of 
created shapefiles is directly related to the quality of the mapped and documented field data. The 
intent of the analysis and preservation qualities of the assemblage will warrant the 
implementation of these different shapefile types. A small assemblage of unarticulated bones 
may incorporate a point-based or vector-based analysis whereas a more complex assemblage 
with associated skeletons may warrant a polygon-based analysis. 
 Digital surface mapping has improved in ease and accuracy with the maturation of UAV 
technology. Mapping paleontological sites requires large-scale mapping techniques that were not 
possible without a UAV. They can take high resolution photographs and apply spatial tags so 
that the photos can be processed by 3D-capable software such as Agisoft Metashape or ArcGIS 
Pro. High resolution DEMs may be available for certain sites, but these data do not reflect short 
time scales of excavation and landscape alteration.      
Every paleontological site is spatially complex. These complexities are what researchers 
strive to understand as in situ arrangements are mapped. Complexities of a site may frame how 
the spatial field data are collected. The mapping approaches described here are flexible, time-
efficient, and analytically powerful which will benefit complex mapping projects. Shapefiles are 
also editable, allowing new data to be appended as it is collected at the site. Excavation surfaces 
can be mapped every year to observe annual site changes. Altogether, this suite of map products 
moves towards the theoretical goal of creating a digital twin of a fossil site that can evolve as 
new information is acquired. These qualities make this approach excellent for spatial taphonomic 
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ABSTRACT 
This project uses exploratory 3D geospatial analyses to assess the taphonomy of the Gray 
Fossil Site (GFS). During the Pliocene, the GFS was a forested, inundated sinkhole that 
accumulated biological materials between 4.9-4.5 mya. This deposit contains fossils exhibiting 
different preservation modes: from low energy lacustrine settings to high energy colluvial 
deposits. All macro-paleontological materials have been mapped in situ using survey-grade 
instrumentation. Vertebrate skeletal material from the site is well-preserved, but the degree of 
skeletal articulation varies spatially within the deposit. This analysis uses geographic information 
systems (GIS) to analyze the distribution of mapped specimens at different spatial scales. Factors 
underpinning spatial association, skeletal completeness, and positioning of specimens were 
examined. At the scale of the individual skeleton, analyses of the Mastodon Pit explore how 
element completeness and orientation/inclination of the mastodon reflect post-depositional 
processes.  
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3.1    INTRODUCTION 
Taphonomic interpretations are heavily influenced by the spatial distribution and 
topological relationships of fossils preserved within a site (Voorhies 1969; Hill and 
Behrensmeyer 1984). Macro-scale taphonomic and geologic data provide insight into the amount 
of time represented within a fossil assemblage and associated post-depositional processes 
(Behrensmeyer 1991). Large paleontological sites may encompass many different depositional 
settings, potentially benefiting from analyses at multiple spatial scales (Alberdi et al. 2001; 
Albert et al. 2018; Guisti et al. 2018). Exploring differences between sedimentary environments 
within a site (i.e., meso-scale) may provide additional nuance and ultimately increases the 
strength of taphonomic interpretations.  
The field of taphonomy incorporates knowledge and observations from many different 
disciplines that focus on the postmortem, pre-, and post-burial histories of organic remains 
(Lyman, 1994). A common denominator among these approaches is the importance of spatial 
organization (Voorhies 1969; Behrensmeyer 1975; Hill 1979; Eberth et al. 2000). Spatial 
statistics can reinforce and quantify visual observations. Comprehensive spatial analytic 
approaches have been broadly incorporated into archaeological site analyses (Giusti and 
Arzarello 2016; Organista et al. 2017; Mackie et al. 2020), yet these approaches are rarely 
applied to paleontological sites (Albert et al., 2018).  
Creation of maps that show the distribution of paleontological remains is standard 
practice for paleontological excavations (Abler 1984; Eberth 2007), yet the purpose of these 
maps is often limited to site documentation and qualitative visual observations. Newer 
techniques that incorporate high-precision mapping hardware such as GPS and total station 
systems have the potential to document spatial phenomena with improved accuracy. Although 
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these techniques are becoming more common in paleontology (Lien et al. 2002; Eberth and 
Getty 2005; Nave et al. 2005; Albert et al. 2018; Brown et al. 2020; Hill et al. 2020), there 
remain few applications where the full potential of geospatial statistics has been realized. 
Incorporating metrics such as elevation, volume, and matrix characteristics into site mapping 
strategies shows promise for hypothesis-driven spatial analytics (Alberdi et al 2001; Friscia et al. 
2008; Bramble et al. 2014; Bertog et al. 2014; Albert et al. 2018; Giusti et al. 2018; Mackie et al. 
2020). To this end, this study leverages a high-resolution geospatial dataset acquired with a total 
station over many years and modern geostatistical tools to better understand the spatial 
underpinnings of site depositional processes at a Pliocene lagerstatte in northeastern Tennessee. 
The Gray Fossil Site (GFS) is a 2.6 ha paleontological site located in Gray, Tennessee 
(Figure 3.1). Fossiliferous deposits reach depths of about 40 m below ground surface (Shunk 
2006; Whitelaw et al. 2008). The site formed over the course of 4.5-11.0 Ka (Shunk 2009) and 
offers a rare glimpse into forested ecosystems of the southeastern United States during the Early 
Pliocene. Macro and microfossils are well-preserved at the GFS (Wallace and Wang 2004; Liu 
and Jacques 2010; Bourque and Schubert 2015; Jasinski 2018; Samuels et al. 2018). The 
sedimentary matrix is composed of organic rich clays (i.e., rhythmites) that infilled the sinkhole 
and preserved floral and faunal remains (Shunk 2006) (Figure 3.2). Generally, more complete 
skeletons are mixed with isolated fragments. All material is fragmented to some degree as a 
result of sediment crushing by overburden (following Lyman 1994). The remains of flora and 
fauna were preserved in an anoxic environment (Keenan and Engel 2017; Keenan et al. 2018), at 
least in some areas of the sinkhole. Dwarf Tapirs (Tapirus polkensis) are especially common and 





   
Figure 3.1. (A) The “backyard” of GFS showing excavation pits that are included in this study 
(green). (B) Location of site within the state of Tennessee. GFS is in Northeastern Tennessee in 





   A spatial concentration of tusk fragments was noted in early investigations at the site. In 
2015, the origin of these fragments was linked to a proboscidean tusk buried near the surface, 
which led to the opening of a new excavation pit. The tusk material belonged to a mostly 
complete, semi-articulated mastodon skeleton (ETMNH 305), the largest animal discovered at 
the GFS thus far (Figure 3.2). Keenan et al. (2018) proposed that this individual was killed and 
buried in a single catastrophic event. Fresh breaks observed in the animal’s bones were used to 
support this claim, however their study did not investigate the in situ observations that provide 
further support to the catastrophic event hypothesis. This excavation, called the Mastodon Pit, 
exhibits a depositional environment unlike the clay rhythmites found in other areas of the site 
(Shunk, 2006). The sedimentary matrix encasing ETMNH 305 is poorly sorted and oxidized. The 
deposit is dominated by intermixed clay and sand along with many large, limestone boulders 
(Figure 3.2). Poorly sorted sediments, like the ones observed in the Mastodon Pit, are often 
attributed to mass wasting events (Schuster and Highland, 2007). Furthermore, mass wasting 
deposits that contain high clay content increase the coherence of the flow (Marr et al., 2001), 





Figure 3.2. (A) Stratigraphy of the infill rhythmites. Yellow lines indicate orientation of the beds, 
trowel for scale. (B) An articulated tapir individual preserved in the black clay. (C) Sediments 
associated with the Mastodon Pit. Sediments are poorly sorted and contain boulders of varying 
size. (D) Closeup of poorly sorted sediments. Note mastodon material circled in green and the 
variability of the sediment’s grain sizes and color. (E) Jacketed elements from the Mastodon 
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(ETMNH 305). Elements are crushed, in situ. (F) The prepared mandible of ETMNH 305. The 
Left side of the mandible is less complete and slightly lighter in color. 
 Analytical Framework 
  This study examines spatial phenomena at two scales. Meso-scale phenomena are 
examined through comparisons between different excavation pits at the GFS (Figure 3.3) to 
better understand spatial differences in depositional histories across the entire site. Micro-scale 
phenomena such as the spatial relationships between specimens and mapped boulders in the 
Mastodon Pit will also be explored.  
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Figure 3.3 Schematic of the GIS layers used for our taphonomic fabric analysis. Layers contain 
spatially discrete areas of fossil material located with the excavation pits. Three pits are adjacent 
to one another while the Tortoise Pit is located 23 meters to the west of the Mastodon Pit’s 
western side. 
 
Spatial analyses are focused on the following: 
1.  Intra and Inter-pit analyses of long-axis orientation and inclination. 
2.  Analyses of relationships between preserved tapir elements and fluvial transport 
potential (i.e., Voorhies Groups) within each pit. 
3.  Analyses of meso-scale spatial trends in skeletal completeness.  
4.  Tests of vertical association between mastodon remains and large boulders 
Although there are visual differences between excavation pits in terms of depositional 
environments, spatial analyses will assist in quantifying these differences. These analyses are 
important to understanding larger-scale site formation processes at work within the sinkhole. The 
GFS sinkhole was a lacustrine environment, and therefore, the depositional environments present 
are hypothesized to be lacustrine in nature. These environments include lake bottom (low energy 
deposition) and lake margins where a mixture of high and low energy depositional processes are 
expected (Guisti et al., 2018).  
Spatial analyses will also help to analyze the complex depositional environment present 
in the Mastodon Pit and provide better resolution of depositional processes at work in this area of 
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the site. The organization of the fossil material along with preliminary, anecdotal observations of 
sediment characteristics within the Mastodon Pit will be used to test the mass wasting hypothesis 





   
 
 64  
 
3.2    MATERIALS & METHODS 
The GFS has been systematically excavated since 2001 by paleontologists from East 
Tennessee State University. Spatially discrete foci of paleontological research at the GFS are 
referred to as excavation ‘pits’, and are informally identified on the basis of major finds (e.g., 
Mastodon Pit). All identifiable vertebrate macrofossils are mapped using a total station. This 
method records the Northing, Easting, and Elevation of a point (survey shot) on the object within 
the Tennessee State Plane Coordinate System. These points reflect anatomical landmarks on a 
bone fragment (whenever possible) and are associated with an object’s field number. Currently, 
the GFS spatial database contains over 30,000 points, each with a unique field number. This 
database is cross-referenced with field notes which document what each field number represents. 
  Field numbers are organized in a way to indicate the number of skeletal elements 
associated with recovered individuals. This was the basis for a dataset that measures Skeletal 
Completeness (SC), where skeletal elements are summed for each spatially discrete group of 
associated specimens. Isolated fragments were treated individually and assigned a SC of 1. The 
same SC value was applied to each survey point of any given individual.  
Fragments with a distinct long axis receive a minimum of two survey points, one at each 
end of the specimen. Once integrated into the GIS, these points are converted to 3d vectors using 
the Point to Line (PTL) tool in ArcGIS Pro. Vectors represent the length, inclination and 
orientation of an element in 3D space. This was the basis for our Fragment with Long Axis 
(FLA) Dataset. The SC number field was joined to the fragments in the FLA dataset to 
distinguish material coming from unassociated (SC<5) and associated (SC>5) specimens. The 
SC dataset was restricted solely to tapir remains to control for species-specific biological and 
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body size variability. This allows exploration of the relationships between SC and depositional 
environments within the GFS sinkhole. 
A third dataset was created for mastodon skeletal remains and large limestone clasts (i.e., 
boulders) of the Mastodon Pit. Mastodon bones and boulders were mapped in detail (2164 
mastodon points, 2548 boulder points). Mastodon points were grouped at the fragment level, 
with each fragment associated with individual skeletal elements. The mastodon and boulder 
datasets were converted to 3D shapes in GIS using the Minimum Bounding Volume (MBV) tool 
(Figure 3.4). The 3D polygon-based shapefile was used to explore the relationship between 
Northing and Elevation within the Mastodon Pit, and to note parts of the articulated mastodon 







Figure 3.4 An image of the 3D Minimum Bounded by Volume (MBV) shapefile of the mastodon 
and associated boulders created in GIS. This view is vertical. Green circle highlights spatial 
abnormalities discussed in the qualitative spatial analysis of the mastodon’s skeleton. An 
interactive model can be accessed in an ArcGIS Online 3D interface at https://arcg.is/1T5mqL0.  
3.2.1 Meso-Scale Spatial Analyses Between Excavation Pits 
3.2.1.1 Skeletal Completeness. — The SC index reflects the degree of disarticulation 
within an individual skeleton. Skeletons represented by disarticulated fragments may indicate an 
individual has been transported after death (Shotwell 1955), but the degree of disarticulation may 
also reflect the amount of time between death and burial (Dodson 1971; Behrensmeyer 1991; 
Currie 2000) or the diversity and energy of taphonomic processes (Fiorillo 1991; Varricchio 
1995). Rogers (2005) also reports varying degrees of skeletal completeness in debris flows, a 
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type of mass wasting event. At the GFS, a complex mixture of skeletal remains displaying 
varying degrees of association/articulation and completeness are present in all excavation pits.  
         The relationship between elevation and relatively isolated (SC < 5) and skeletally 
associated (SC > 5) tapir remains was explored. Significant differences in the elevations of 
isolated and associated specimens were tested with a linear regression. A within group ANOVA 
was also used to examine the significance of the vertical spread of associated tapir (SC > 5) 
remains within each excavation pit. 
3.2.1.2 Fabric Analysis. — Bone fragments with a long axis are spatially organized 
within a sedimentary matrix through fluvial processes (Toots 1965; Voorhies 1969; 
Behrensmeyer 1975; Shipman 1981; Eberth et al. 2007; Guisti et al. 2018). This organization is 
classified as either anisotropy or isotropy. Anisotropy is directionally dependent (linear or 
planar) while isotropy exhibits spatial structure that is independent of long axis direction (Figure 
3.5). A preferred long axis direction (anisotropy) in mapped bones indicates a fluvial deposit 
(linear fabric). Fluvial energy will also sort material depending on the size, shape, and density of 




Figure 3.5. (A) Fossils with a distinct long axis representing a linear anisotropic fabric where 
fragments display orientation preference and similar inclinations. (B) Fossils with a distinct long 
axis representing a planar anisotropic fabric where fragments do not display orientation 
preference with similar inclinations. (C) Fossils with a distinct long axis representing isotropy 
where fragments do not display orientation preference nor similar inclinations.  
There is also the potential for anisotropic signatures in low energy lacustrine 
environments. Depositional fabrics in lacustrine environments can vary widely depending on 
location within a lake (Guisti et al. 2018). Low energy, lake bottom deposits will often develop a 
planar fabric where bones with a long axis will not display a preferred orientation (Behrensmeyer 
1975). However, the range of inclinations of these bones will be limited (Hunt 1990; Bertog et 
al. 2014) (Figure 3.5). Minimal sorting (Bertog et al. 2014) and a mixture of articulated and 
unarticulated skeletons (Agenbroad 1984) is also common in these settings. Material in marginal 
lacustrine environments may exhibit preferred orientation from changes in water level (Alberdi 
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et al. 2001; Cobo-Sanchez et al. 2014). Marginal lacustrine environments will likely display a 
mixture of high- and low-energy characteristics (Guisti et al. 2018). 
Mass wasting depositional environments are often isotropic (Figure 3.5). Mass wasting 
materials are unsorted, randomly oriented, and randomly inclined (Pierson 2005). Mass wasting 
deposits have the potential to rework fluvial deposits (Lancaster et al. 2010), and have been 
identified at lake margins with steep banks (Miller et al. 2014).  
Anisotropic and isotropic fabrics are identified through trends in orientation and 
inclination of specimens with a long axis. Orientation is related to azimuthal direction of fossil 
material. These trends are 2D and can be used to test for linear anisotropy in mapped features. 
Inclination trends in 3D space can then begin to support planar anisotropy where features with 
similar inclinations reflect the depositional surface. Finally, an isotropic deposit does not have 
preferred orientation and inclination. This setting may indicate a high energy depositional 
environment.  
Orientation. The FLA dataset was divided into subsamples for each excavation pit 
including; all specimens (FLA-Total), associated material (SC>5) (FLA-Associated), and 
unassociated material (SC<5) (FLA-Unassociated). With such high frequencies of tapir material, 
the same FLA subsamples were also created for tapirs only (FLA-TapirTotal, FLA-
TapirAssociated, FLA-TapirUnassociated). Stereonets (created in StereoNet V.11.3.0 - 
Allmendinger, 2020; https://www.rickallmendinger.net/stereonet) and roseplots (Created in 
GeoRose version 0.5.1 –Young Technology Inc., 2014; 




All plots were multimodal, so rather than use the Raleigh’s Test (for unimodal patterns), 
we use statistical tests for multimodal significance (Hewitt et al. 2018; Lanler et al. 2019). Two 
Hermans-Rasson tests were used to test statistical significance for preferred direction in the rose 
plots according to the methods of (Landler et al. 2019). The new (HR2) and original (HRP) 
Hermans-Rasson tests from Landler et al. (2019) were used to test whether the orientation 
datasets were statistically different from a random distribution. The tests were run within Rstudio 
(v2.1) which reports a p-value for both the new and original Hermans-Rasson tests. A p-value 
less than .05 means that the subsample is non-randomly oriented. 
While the HR2 and HRP tests analyze the bin frequency of the azimuthal data, they do 
not consider the inclination of the fragments within the bins. To better understand the 
relationship between fragment inclination and orientation, a Von Mises analysis was performed 
using StereoNet, V.11.3.0 (Allmendinger 2020). Kappa values are interpreted based on the scale 
devised by Landis and Koch (1977) where a Kappa values < 0.2 have little significance, 0.2-0.4 
have fair significance, 0.4-0.6 have moderate significance, and > 0.6 have substantial 
significance. 
Inclination. The hypothesis that a mass wasting event was responsible for clasts within 
the Mastodon Pit was also scrutinized through the comparative analysis of mean inclinations that 
are recorded in the FLA subsamples. For these analyses, the direction of the inclination is not 
important since deposits produced by mass wasting events are unsorted and exhibit random 
orientation and inclination values (Pierson 2005). The mean and standard deviation of inclination 
were compared among the excavation pits using comparative mean statistics.  
Voorhies Groups in Tapirs. Behrensmeyer (1975) grouped skeletal elements based on 
transport potential within a fluvial environment and coined the term “Voorhies Groups”. These 
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groups reflect skeletal element classes that are often sorted in fluvial environments (Voorhies 
1969). Voorhies Group 1 elements have the highest potential for transport within a fluvial 
environment, followed by Group 2 then Group 3. The percentages of these groups were 
identified in the three adjacent excavation pits and compared to one another. Isolated tapir 
material (SC<1) was exclusively considered for the analysis of Voorhies Groups because these 
groups are defined by the response of disarticulated elements within a fluvial environment. The 
relative percentages of these groups within an assemblage reflects the impact of fluvial processes 
on the assemblage. A Spearman’s Rho test was conducted on the Voorhies Groups distributions 
to test for significant differences between excavation pits. 
3.2.2 Micro-Scale Spatial Analyses, the Mastodon Pit 
A similar set of analyses were carried out on materials from the Mastodon Pit to examine 
the vertical association of boulder and mastodon fragment survey points, orientation and 
inclination trends noted in the mastodon fragments, and qualitative anecdotal observations noted 
in the associations/articulations of mastodon skeletal elements and fragments. 
3.2.2.1 Fabric Analysis. —  The mastodon’s FLA (FLA-Mastodon) orientations and 
inclinations were plotted and tested with the same statistical analyses as the FLA subsamples 
used for the meso-scale analysis. These results were then compared to all of the FLA subsample 
results of the Mastodon Pit. 
3.2.2.2 Spatial Correspondence Between the Mastodon and Boulders. — The mastodon 
and boulders within the Mastodon Pit are mixed. Some boulders were large enough that they had 
to be removed with micro-explosives to reach the mastodon material below. Poorly sorted 
sediments along with this seemingly close relationship between the mastodon and the boulders 
has led to the hypothesis that the mastodon was entrapped in a mass wasting event. To test this 
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hypothesis, an ANOVA compared the mean elevations of the mastodon and boulder survey 
points. 
3.2.2.3 Articulation of the Mastodon Skeleton. — A qualitative analysis of the mastodon 
skeleton was carried out to assess the degree that skeletal elements have become disassociated. 
This was performed using the 3D model of the carcass remains created using the “Minimum 
Bounding Volume” tool in GIS (Figure 3.4). Areas where the skeletal elements were out of 
anatomical order or distantly associated are identified and reported. 
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3.3 RESULTS 
For this study, excavation pits are treated as spatially discrete samples within a complex 
sinkhole deposit. Though the depositional ‘situation’ of an individual specimen may vary 
depending on where in the sinkhole the specimen was buried, comparing specimens between 
different excavation pits helps to identify the relative importance of different taphonomic 
processes, and how these processes vary spatially. The Mastodon, Mulch, and Rhino Pits are 
adjacent to one another while other pits are more distant and generally at lower elevations 
(Figure 3.6). The vertical frequency of specimens within the Rhino, Mulch, and Mastodon pits 
indicates that all paleontological materials within these pits are generally buried at the same 
elevation (Figure 3.6). The Tortoise Pit may provide a spatially distant and vertically lower 
comparison to the three adjacent pits. Backplots of elevation in an N/S trend also support the 









Figure 3.6 (A) Elevation of survey points (tapir only) for each discrete excavation pit 
incorporated in the assessment, (B) North/South backplot of survey points (tapir only) in the 
three adjacent excavation pits. 
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3.3.1 Meso-Scale Analysis 
3.3.1.1 Skeletal Completeness. — SC is a metric that is intended to reflect the degree of 
disarticulation and transport of tapir remains. In general, higher SC values indicate skeletons that 
have experienced less disarticulation than skeletons with low SC values. Restricting the SC 
dataset to only include tapirs reduces variability due to non-depositional processes such as body 
size or species-specific behaviors. This analysis of SC uses the associated tapir skeleton dataset 
(Table 3.1). Anatomical association (SC value) is not related to elevation (Mastodon Pit R2= 
0.06; Rhino Pit R2 = 0.18; Mulch Pit R2 = 0.03). However, the mean elevation in associated 
tapirs (SC>5) between the three adjacent excavation pits is significantly different (F test statistic 
= 85.4; p=0.0001). The standard deviation of elevation in associated tapir groups (SC>5) in the 
Mastodon Pit was smaller (st. dev. = 0.28) than the standard deviations of the Mulch (st. dev. = 
0.54) and Rhino Pit (st. dev. = 0.45). The spread of these values is significantly different between 
the Mastodon Pit and the two other pits (Levene’s test statistic = 341.2; p= 0.0001).  
3.3.1.2 Fabric Analysis. — FLA Statistics. Shipman (1981) suggests a sample size where 
N > 72 for robust analysis using rose plots. All FLA subsamples of the data from the Rhino and 
Mastodon Pits were greater than this minimum sample (Table 3.2 & 3.3). Half of the subsamples 
for material from the Mulch Pit had large enough samples and the Tortoise Pit only had 
sufficient sample size in the total material FLA subsample. The Tortoise Pit data were not 
included in subsequent analyses. Because these are subsamples of the same FLA dataset, Mulch 
Pit subsamples were included as they were all greater than 50. 
 Statistical results for circular uniformity are reported in Table 3.2 (total faunal) and 
Table 3.3 (tapirs). The HRP and HR2 tests generally supported preferential orientation in all 
subsamples (p = 0.0001), however unassociated datasets in the Mastodon and Mulch Pit were 
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randomly oriented (p = 1.0). The Von Mises test considers both inclination and orientation 
information as a single vector direction. Kappa scores for FLA subsamples ranged from 0.04 to 
0.45. Generally, the scores were higher in associated subsamples than in unassociated, however 
even these subsamples exhibited only low significance. The Mastodon Pit’s FLA-Tapir 
Associated (Kappa = 0.42) and the Tortoise Pit’s (Kappa = 0.45) FLA-Total subsamples had the 
highest kappa values suggesting a moderately significant preferred orientation. Results of the 
HRP and HR2 tests suggest directional preference in many subsamples, however these 
subsamples are all multimodal. Further analyses with the Von Mises test indicate overall low 
scores, suggesting low to moderate significance in preferred vector direction. 
Orientation. HRP and HR2 circular statistics suggest there is preferential orientation 
within nearly all the FLA subsamples, however, with inclination direction incorporated into the 
Von Mises statistics, preferential orientation was not strongly supported. Long axis orientation of 
the FLA subsamples was calculated for each excavation pit (i.e. unassociated and associated). 
Trends in long axis orientation were visualized using stereonets and roseplots (Figure 3.7). None 
of the four excavation pits were unimodal. FLA-Total subsamples from each pit showed no 
preferred orientation. FLA-Associated (SC>5) subsamples exhibited quadrant-scale unimodal 
directional preference, but 10° bins in the preferred quadrants had variable frequencies. The 
FLA-Associated subsample in the Mastodon Pit displayed a NE orientation. The Mulch Pit FLA-
Associated subsample displayed SW orientation. The Rhino Pit FLA-Associated subsample 
displayed a multimodal NE and SW preference, and the Tortoise Pit FLA-Associated subsample 
displayed a multimodal W/SW preference. All FLA-Unassociated (SC<5) subsamples showed 
no preferred directions and had longer rose petals in most directions. The Rhino Pit’s FLA-
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Unassociated subsample had a preferred axis to the north, but the unassociated material was 
observed in all other direction bins as well. 
Orientation of Tapir specimens. Reducing the plots to a single taxon reduces biological 
variables, which may reduce the “noise” reported in the stereonets and roseplots. This seems to 
be the case when comparing the stereonets and roseplots of the total faunal FLA subsamples to 
the FLA subsamples restricted to tapir remains (Figure 3.8). All trends noted for total faunal 
FLA subsamples are supported by the Tapir FLA subsamples. Generally, the FLA-Tapir 
Associated subsamples show higher directional preference than the FLA-Tapir Unassociated 
subsamples. 
Although there are differences noted in the orientations of fossil material of each 
excavation pit and preferential orientation is supported with the HRP and HR2 tests, all 
subsamples display multimodal orientation preference. Fluvial systems are supported when 
linear anisotropy is present in the orientations of fossil material. The multimodal orientations 
observed in all FLA subsamples does not support deposition within a fluvial system suggesting 




Figure 3.6 Stereonet and rose plots for FLA subsamples (FLA-Total, FLA-Associated, and FLA-




Figure 3.7 Stereonet and rose plots for Tapir FLA subsamples (FLA-Total Tapir, FLA-Tapir 




Table 3.1 P-value and Kappa reported for circular uniformity tests on Total Faunal FLA 





Table 3.2 P-value and Kappa reported for circular uniformity tests on Tapir FLA subsamples 
with significant results in bold. Summary statistics provided for Tapir FLA subsample 
inclinations. 
Inclination. Inclination was also analyzed. The mean of the inclinations for each FLA 
subsample are reported in Table 3.2. Mean inclinations of subsample datasets in the Mastodon 
Pit were greater than those of the Mulch and Rhino Pits. The Tortoise Pit had the most variable 
inclinations in its subsamples which may have been caused by small sample size. Standard 
deviations in the Mastodon Pit’s subsamples were all higher than those reported for all other 
excavation pit subsamples. The FLA-Associated subsamples had lower inclinations than the 
FLA-Unassociated material in the Mastodon and Mulch pits. The opposite was noted in the 
Rhino Pit where the FLA-Associated subsample had a higher inclination than its FLA-
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Unassociated subsample. The standard deviation of each excavation pit’s FLA-Associated 
subsample was lower than the pit’s FLA-Unassociated standard deviation. 
Tapir Inclination. Interestingly, when mean inclinations are restricted to exclusively 
tapirs, identical trends are noted in each pit (Table 3.3). Total faunal FLA subsamples mostly 
consist of tapirs, which may play a role in the similarity. However, all of the Rhino Pit’s Total 
faunal FLA subsamples are far larger than the pit’s Tapir FLA subsamples, and similar trends are 
noted here with the FLA-Tapir Associated subsample having higher mean inclinations than the 
FLA-Tapir Unassociated subsample. 
Voorhies Groups of Isolated Tapir Material. The percentage of isolated tapir bones 
belonging to different Voorhies Groups was calculated (Figure 3.9). The sample size of isolated 
tapir material in the Tortoise Pit was insufficient for meaningful analysis. The distribution of 
Voorhies Groups among the three adjacent excavation pits is similar. Elements belonging to 
Voorhies Group 2 (medium transport potential) are the most common in each pit with 
frequencies ranging from 60%-75%. Elements assigned to Voorhies Group 1 (high transport 
potential) are the second most common specimens in each group. Elements in Voorhies Group 3 









Figure 3.9 Percentages of Voorhies Groups in the three adjacent excavation pits. 
  
          A Spearman’s Rho tested whether the distribution of Voorhies Groups was significantly 
different between the three adjacent excavation pits. The null hypothesis, that there is no 
relationship between the Voorhies Groups of isolated tapir fragments and excavation pit, cannot 
be rejected (rs(2240) = -.027, p = 1). This supports the absence of fluvial organization to deposits 
in this area of the GFS. 
84 
 
Results of the orientation analysis and the percentages of Voorhies Groups in the 
excavation pits indicate that there is no fluvial organization of deposits in this area of the GFS. 
Multimodal orientation preference in the FLA subsamples suggest a linear anisotropic fabric is 
not present and the percentages of Voorhies Groups (based on transport potential in a fluvial 
setting) are consistent through the excavation pits. Although the lack of unimodal orientation 
falsifies linear anisotropy, planar anisotropy is supported where fragments with a long axis are 
positioned with minimal variance in their inclinations. Planar anisotropic fabrics are noted in the 
Mulch and Rhino pits where the inclinations are plotting with a small standard deviation.  
 Isotropic tendencies are noted in the Tortoise and Mastodon Pit. These excavation pits 
had random orientation results and higher inclinations with larger standard deviations. Due to 
small sample size, this inference must remain tentative in the Tortoise Pit. However, the much 
larger sample size in the Mastodon Pit indicates the presence of an isotropic fabric where fossils 
are randomly positioned throughout the deposit, supporting the mass wasting hypothesis for the 
excavation pit.  
3.3.2 Micro-Scale Analysis, the Mastodon Pit 
3.3.2.1 Fabric Analysis. — Isolated tapir materials indicate an isotropic fabric is present 
in the mastodon pit. This pattern is further explored through fabric analysis (orientation and 
inclination) of the entire fauna from this area. Bone fragment orientation and inclination data 
from the mastodon skeleton (ETMNH 305) is compared to directional trends in the entire 
Mastodon Pit fauna. 
Orientation. Orientation was calculated for fragments identified as part of the mastodon 
(FLA-Mastodon). FLA-Mastodon orientations are plotted on stereonets and roseplots (Figure 
3.10). Hermans-Rasson tests were significant (p=0.0001) suggesting a preferred, non-random 
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orientation (Table 3.4). The Von Mises distribution test resulted in a Kappa value of 0.41, which 
is moderately significant according to Landis and Koch (1977) (Table 3.4). Interestingly, 
preferred inclination values are near the opposite direction from inclination in all other Mastodon 
Pit FLA subsamples. Circular uniformity tests suggest orientations of mastodon elements are 
non-randomly distributed, and many of the 10° bins have similar frequencies. The highest 
frequency of specimens is oriented to the southwest. 
  
Figure 3.10 Stereonet and rose plots of mastodon bone fragments with a long axis. HR circular 




Table 3.3 P-value and Kappa reported for circular uniformity tests on FLA-Mastodon subsample 
significant results are emboldened. Mean statistics provided for FLA-Mastodon inclinations.  
 Inclination. Specimen inclination was also analyzed and compared to inclinations of 
other Mastodon Pit specimens. There is a higher mean inclination in mastodon specimens than in 
all other Mastodon Pit FLA subsamples (Table 3.5). The standard deviation of the inclinations 
plots within those reported for Mastodon Pit FLA subsamples. The meso-scale orientation and 
inclination analyses support an isotropic fabric for the deposit in the Mastodon Pit. A focus on 
the inclinations of the mastodon fossil fragments support that it was deposited in a similar 
fashion.  
3.3.2.2 Testing the Spatial Association Between the Mastodon and Boulders. — 
Mastodon elements and boulders exhibit a close visual association within the Mastodon Pit 
(figure 3.11). A north/south backplot also illustrates the spatial relatedness of these two features. 
FLA-Mastodon Subsample Statistics 
Sample Size 109 
HRP P-Value 0.0001 
HR2 P-Values 0.0001 
Von Mises Kappa Value 0.4296 
Inclination  Mean 17.2° 
Standard Deviation 14.2° 
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The mean elevation of the boulders (502.61 m) is 30 cm higher than the mean elevation for 
mastodon specimens (502.30 m) (F test statistic = 585.4; p = 0.0001), which is significant. A 
Levene’s test also supported a difference in the spread noted in the mastodon fragments and 
boulders (Levene’s test statistic = 567.8 p = 0.0001). One caveat is that the base of the 
excavation pit artificially limits the vertical distribution of boulders. The Mastodon Pit boulders 
extend for an unknown depth below the mastodon. Once their full vertical extent is known, their 
mean elevation will be lower than the current estimate, which may lead to a significant 
association between the boulders and mastodon.  
   






Figure 3.11 (A) Vertical frequency of mastodon and boulder survey points within the Mastodon 
Pit. (B) North/South backplot of mastodon and boulder survey points in the three adjacent 




3.3.2.3 Qualitative Assessment of the Mastodon Skeleton. —The mastodon skeleton is 
highly fragmented in situ due to sediment crushing, but the right side (lower side of the carcass) 
is more complete than the left side. Many of the thoracic vertebrae and ribs are fragmented and 
mixed throughout. The limbs are highly fragmented as well, but the fragments are clustered, and 
are generally in relative anatomical position. There is also one place where rib and vertebra 
material accumulated between two boulders deeper in the pit. These specimens represent the 
lowest elevation (501.15 m) where the mastodon has been found (Figure 3.11).  
The mastodon’s most anatomically out of place element is its sacrum which appears to 
have been moved to a position anterior to the pelvis (where it should have been posterior to the 
pelvis in life). The sacrum appears to be on the edge of a gap where rib and vertebra fragments 
are vertically dispersed (Figure 3.12). 
Other displacement in the mastodon is noted at the posterior end of the individual. The 
hind limbs (including femur, tibia/fibula, and pes) and caudal vertebrae are closely articulated, 
however this area is displaced from the rest of the body (Figure 3.4). The left femoral head is 
over a meter away from the closest pelvis fragment. The anterior-most caudal vertebra is only 
slightly closer (~0.5 m) to the pelvis, however, this caudal vertebra articulates with the displaced 






Figure 3.12 An oblique view of the dorsal side (facing the east) of the mastodon carcass in situ. 
Sacrum is displaced anteriorly to the pelvis. Vertebra and rib fragments accumulate at the lowest 
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3.4 DISCUSSION 
3.4.1 Depositional Environments at the GFS 
Fossil-bearing deposits at the GFS are the infill of a Pliocene sinkhole (Shunk 2006). 
Spatially discrete excavation pits serve as comparable samples that provide meaningful 
interpretation of meso-scale formation processes acting at the site level (Badgley et al. 1995; 
Alberdi et al. 2001). 
3.4.1.1 Spatial Variability in Disarticulation Rates. — SC is used as a proxy for the 
degree of disarticulation, which can be useful for taphonomic assessment (Voorhies 1969; 
Behrensmeyer 1991; Bunn 1989; Varricchio 1995). The frequencies of tapir SC values in each of 
the excavation pits are very similar. Although oriented differently, the relative frequency of SC 
values between unassociated (SC<5) and associated (SC>5) tapirs between pits is similar. 
Unassociated and associated tapir skeletons occur at similar elevations within each pit, however, 
the vertical spread of associated skeletons in the Mastodon pit (st. dev. = 0.28) is significantly 
narrower than adjacent pits (Mulch st. dev. = 0.54; Rhino st. dev. = 0.45) (Levene’s test statistic 
= 341.2; p= 0.0001).   
An isotropic fabric in the Mastodon Pit supports a mass wasting event, but one would 
expect to see a greater dispersal of skeletons here than in low energy lacustrine deposits with a 
planar anisotropic fabric. Rogers (2005) discusses a debris flow deposit where skeletal remains 
are in various states of association and articulation. These types of deposits can transport fossils, 
but interestingly these skeletons may experience minimal disarticulation. Perhaps within the 
Mastodon Pit deposit, associated skeletons are acting in similar ways. Another factor here is the 
size of the mass wasting deposit. The vertical spread of the boulders and mastodon fragments 
suggest that the deposit is at least three meters thick while their N/S spread is approximately ten 
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meters. The event transported this material a relatively short distance. Perhaps the skeletal 
remains would have dispersed further if they travelled a longer horizontal distance.  
3.4.1.2 Fabric Analysis. — FLA subsamples in the Mastodon Pit and Mulch Pit did not 
have a preferred direction, however the Rhino Pit showed a NE-SW directional preference in 
FLA-Associated and FLA-Tapir Associated subsamples. When inclination and orientation are 
considered together, trends become less significant as low Kappa values indicate no preferred 
direction in each subsample for all pit data.  
Excavation pits reflect different locations within the sinkhole such as the sinkhole 
bottom, margins, or collapsed walls. The fossils in these areas are deposited in conditions 
reflecting anisotropic and isotropic fabrics. The Mulch Pit may reflect sinkhole bottom sediments 
as planar anisotropic fabric is present. Mulch Pit orientation data is without preference 
suggesting a linear fabric (fluvial organization) is not present. Inclination of associated (SC>5) 
subsamples have lower means than their unassociated (SC<5) counterparts suggesting they may 
have had different taphonomic pathways. This might be explained by a bloat and float model 
where carcasses become bloated, then disarticulate during decomposition (Allison and Briggs 
1991; Roger and Kidwell 2007; Syme and Salisbury 2017). Syme and Salisbury (2017) observed 
this phenomenon in crocodile carcasses as they floated in water; once the soft tissue holding the 
carcass together decays, bones begin to disarticulate and result in lower rates of SC.  
The FLA dataset indicated a preferred direction among many of the subsamples in the 
Rhino Pit. This pattern could be due to fluvial transport or general orientation of long axes 
parallel to the slope at the margin of the sinkhole. There is no relationship between element 
frequencies and Voorhies Groups, suggesting fluvial transport had little impact on specimen 
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distributions. Therefore, fluvial organization of material in the rhino pit seems the less likely of 
two possible depositional scenarios. The mean inclination of the FLA subsamples in the Rhino 
Pit were generally similar to those of the Mulch Pit, yet the standard deviation was greater. 
Interestingly, the opposite trend was noted for the inclinations of the associated and unassociated 
subsamples; where the associated individuals had a higher mean inclination than the 
unassociated specimens, though the standard deviations were not reciprocated like the means. 
The spatial attributes of the Rhino Pit suggest it is a planar anisotropic fabric with more 
preferential linear direction. Perhaps the Rhino Pit represents the deposition of associated 
skeletons along a lake margin that is steeper than the bottom of the sinkhole where interaction 
with the water’s edge may have positively impacted linear trends. 
Analyses of orientation using the FLA dataset suggest similar trends in mapped 
specimens between the Mastodon Pit and the Mulch Pit. However, the inclination results in the 
FLA dataset, along with sedimentary characteristics in these different excavation pits are very 
different. The Mulch Pit contained sediments characterized as organic rich rhythmite clay layers 
(Shunk, 2006), while the Mastodon Pit sediments were oxidized and contained a poorly sorted 
mixture of sediment grain sizes. The mean and standard deviation of inclinations in the 
Mastodon Pit were also higher, suggesting the influence of high energy depositional processes 
that would cause bones to lie at high angles. The combination of high inclinations and lack of 
preferred orientation indicates an isotropic fabric is present within the Mastodon Pit. 
Furthermore, poorly sorted sediments suggest rapid, high-energy deposition. These 
characteristics of the Mastodon Pit deposit suggest that a mass wasting event may have been 
responsible for the deposition of this sedimentary unit. 
 3.4.2 Depositional Environment in the Mastodon Pit 
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3.4.2.1 Genesis of the Mastodon Pit deposits. — The skeleton of the mastodon (ETMNH 
305) is almost entirely complete and with most skeletal elements in relative anatomical position. 
There has been some minor displacement of elements, as noted above. The associated individual 
is highly fragmented, but broken edges are not abraded or weathered (Widga et al. 2018). Neither 
the mastodon fragments, nor other tapir material from the Mastodon Pit show a preferred 
orientation. Furthermore, the mean inclination for mastodon fossil fragments was >17°, one of 
the highest mean inclinations within the site. The standard deviation (14.21°) of inclinations of 
mastodon fragments is consistent with the standard deviation (14.14°) of the tapir subsample 
from the same pit. Much like all other Mastodon Pit material, high inclination, and no preferred 
orientation in fragments with a long axis support the idea that this mastodon is potentially 
associated with a mass wasting event. 
3.4.2.2 The Association Between Mastodon Bones and Boulders. —ANOVA tests of 
association between the mastodon bone and boulder elevations suggest a significant difference in 
their vertical positions, however there are unmapped boulders lower in the deposit. Once these 
lower boulders are mapped and incorporated into this dataset, the mean elevation of the 
Mastodon Pit boulders will decrease and possibly support a significant association between them 
and the mastodon skeleton. The mean elevation of these datasets differ by 30 centimeters, but 
boulders continue below the mastodon. The visual overlap suggests that these two features were 
simultaneously deposited. Excavating and surveying the deeper boulders may further strengthen 
this interpretation. 
It is difficult to determine whether the mastodon died prior to a mass wasting event, or if 
perhaps there was an open space between the boulders that would have allowed water to deposit 
material in the small space. A mastodon carcass that decayed to a point where the sacrum was 
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disarticulated would have mobile skeletal elements.  Qualitative observations of the mastodon 
remains based on a reconstructed 3D model of the individual show the remains present are 
mostly in anatomical order. The dorsal elements of the mastodon are generally less well-
preserved than ventrally located elements. There is a section where rib and vertebra fragments 
were collected between two boulders. This was noted by excavators and is also apparent in the 
3D model. Interestingly, the mastodon element that exhibits the most displacement from its 
anatomical position is the sacrum which was moved to a position anterior to the pelvis. The 
sacral wings are still articulated, but the rest of the sacrum shifted. The sacrum may have been 
forcefully displaced during a mass wasting event. Another possibility is that as the soft tissue 
between the pelvic wings decayed, this area would have been more vulnerable to sediment 
crushing. Perhaps the pelvis and sacrum were articulated during the event, but as the carcass 
decayed and the deposit settled, the sacrum was freed from the pelvis. This scenario, however, 
does not explain the displacement of the sacrum to an anterior position to the pelvis. How was 
the sacrum able to shift anterior to the pelvis if it was buried?  
If the mastodon was involved in a mass wasting event at or near the time of its death, its 
skeletal element’s mobility would be restricted within the deposit. With such large boulders also 
present in the deposit, it would have been possible to have confined open spaces between them. 
Water and finer sediments could move through these spaces, but larger objects such as boulders 
and mastodon bones would not be able to. Voorhies (1969) reports that mammalian sacrums 
float in water until they ultimately become waterlogged and begin to sink. These ideas could 
explain the displacement of the sacrum, as it would have had mobility in a seemingly confined 
space. The mastodon could have decayed post burial, and as water made its way into the mass 
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wasting sediments, they could have shifted the buoyant sacrum within the confined space 
between boulders.   
3.4.3 Site Formation Processes at the Micro and Meso Scales.  
         These paleontological and sedimentological results are consistent with a circum-
lacustrine, swampy lacustrine depositional environment (Bertog et al. 2014). This depositional 
environment would consist of low energy depositional processes, areas of anoxia (low dissolved 
oxygen), and high organic content. This environment would be similar to Cullar de Baza 
(Granada, Spain), a fossil site described by Alberdi et al. (2001) which has similar frequencies of 
Voorhies groups (group 2 being the highest, and groups 1 and 3 are similar in size), moderate 
degrees of articulation, minimal weathering, terrestrial and aquatic fauna, and carbonate-based 
sediments. While evidence supports a swampy lacustrine depositional environment, it should be 
noted that the water depths of the GFS are unknown. The GFS is not often depicted as a shallow 
depositional environment, however it was likely a low energy environment (Shunk et al. 2009; 
Whitelaw et al. 2008)  
Further evidence for a swamp-like setting can be supported by the absence of lithified 
fossils. Lithification, or material becoming increasingly lithified, can be a step in the fossilization 
process as organic material is replaced with minerals. As this process has been studied, it is 
apparent that lithification of fossils can vary. At GFS, material is relatively unlithified (Keenan 
and Engel 2017). Woody debris that is common in the rhythmite clays is still highly organic as 
opposed to petrified. Many of the site’s vertebrate fossils are often fragmented, but anatomical 
voids in bones (e.g., trabeculae, marrow cavities) have not experienced crystal formation. Some 
specimens do exhibit iron carbonate formation, probably siderite. Voorhies (1969) suggests the 
absence of lithification may be a result of the mobility of fossil material post burial. This could 
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be a possible occurrence at the GFS as the rhythmite clays would be locally mobile in an 
aqueous setting (Shunk et al. 2009). This could allow the reworking of fossils and possible 
stratigraphic disorder through mixing of older and newer remains (Cutler and Flessa 1990).  
However, if skeletons were mobile after burial, how would the articulated individuals 
remain articulated? Lyman (1994) combined studies of Hill and Behrensmeyer (1984) and Hill 
(1979) to understand the ordering in which major body parts become disarticulated during decay 
and found that “unusual environments'' such as anoxic areas or areas with high sedimentation 
rates will slow decay and disarticulation. Many researchers suggest that portions of the sinkhole 
pond are anoxic (Shunk et al. 2009; Keenan and Engel 2017; Keenan et al. 2018). Therefore it is 
possible that articulated individuals are being held together with slowly decaying soft tissue (e.g., 
tendons, muscles) as they are being transported short distances within the sinkhole.   
This reconstruction is consistent with the minimal evidence of carnivore interaction and 
carnivore material on tapir remains (Ketchum, 2011). Alligators at the GFS would be expected to 
consume tapirs. However, tapir carcasses may be deposited in an anoxic location inaccessible to 
the alligators at the site (as opposed to the bloat and float hypothesis where they would have 
been accessible).  
 A possible modern setting that is analogous to these taphonomic observations are 
meromictic lakes. Most deep lakes experience holomixis where the shallow and deep waters of 
varying temperature and density are seasonally mixed by wind (Lewis 1983). This cyclical 
process does not occur in meromictic lakes as the differences in density are too strong to support 
vertical exchange of surface and deep waters (meromixis) (Walker and Likens 1974). This 
results in meromictic lakes containing two stratified water layers; the upper oxygenated 
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mixolimnion and lower anoxic monimolimnion (Stewart et al. 2009). Stewart et al. (2009) 
mention that a lake shielded from wind in mountainous or forested environments is more likely 
to be meromictic. Gorham and Sanger’s (1972) studies of a meromictic lake suggest that organic 
materials are present at abnormally high levels throughout sampled sediments from a transect of 
the lake. The organic material is present at higher percentages in inshore sediments (65%), but 
was also noted to be near similar levels in the deepest water sediments (60%) (Gorham and 
Sanger, 1972). They propose the highly organic material slumped to the deepest parts of the lake. 
Perhaps this is a mechanism that brings organic material including vertebrates to an anoxic zone 
at the GFS.    
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3.5 CONCLUSION 
GFS is a complex sinkhole deposit system with a unique fossil assemblage. This study 
analyzed the spatial distribution of paleontological materials across the site in order to better 
understand the type and range of depositional settings that are present at the site.  
Overall, paleontological materials are preserved in an anoxic environment by fine 
grained, organic-rich infill sediments deposited in the sinkhole under low energy. There is low 
potential for transport within this setting. Fabric analyses of bone orientation and inclination 
along with the degree of association in individual tapirs indicate that these animals are preserved 
in similar ways throughout the site, yet the orientation and inclinations of their skeletal remains 
may vary.    
The Mastodon Pit is represented by fossil taxa commonly found in sediments at GFS, 
however there is significant evidence to suggest the Mastodon Pit material was reworked by a 
mass wasting event that is represented by a poorly sorted deposit and fossil fragments with a 
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Chapter 3 Supplemental Data 
3.1 Skeletal Completeness/Mean Elevation Plots and Trend Lines with R2 Values. Error bars are 
based off Standard Deviations. 
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CHAPTER 4. CONCLUSIONS 
Recommendations for Field Collection 
Once datasets are created in excel, they can be edited in ArcGIS Pro to incorporate more 
data and visualize the data. This expedited some workflows as I relied on computing power to 
complete repetitive calculations for the large datasets. Measurements such as volume, weight, 
length, strike, and plunge are all valuable information, but take time to manually record in the 
field. Much of this information can be accurately calculated from the Total Station data. With 
this information, many above mentioned dimensional data can be calculated (although the 
accuracy of some measurements is dependent on the number of points collected on individual 
specimens). ArcGIS Pro is ideal for creating dimensional spatial data as the software comes with 
many tools to create this type of data. 
Digital computation of dimensional data can be very efficient, but one step in the 
workflow to create datasets for ArcGIS Pro was very time-consuming. This step was the transfer 
of handwritten field note records to an Excel spreadsheet. Thousands of records were typed into 
spreadsheets, exacerbating the possibility of transcription errors. This step was extremely time 
intensive, ultimately taking weeks of manual data entry from digital scans of the field notes. 
Thankfully, the field notes recorded at GFS over the past seventeen years were quite consistent. 
Consistent formatting, information, and recorded details allow the data to be organized into rows 
and columns on a spreadsheet. The “=VLOOKUP” function in excel was then used to link newly 
created spreadsheets to the master spatial dataset created by the total station. This step merges 
the two pieces of field data so that the final datasets include what was found (taxa, skeletal 
element, placement on element) and where it was found (northing value, easting value, and 
depth).   
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Due to the labor-intensive data entry process, data redundancy, and the potential for 
transcription errors, the information contained in field notes would be an ideal candidate for 
conversion to a digital worksheet. This was actually proposed by early researchers at GFS. Nave 
et al. (2005) suggested that Microsoft Access forms be incorporated into field data collection. 
With technological tools such as rugged field tablets becoming less expensive with increased 
battery life, it is recommended that digital worksheets be incorporated into field data collection 
at GFS. Survey123 (3.12, ArcGIS) is an example of such a form that would work well as it is 
customizable and easily linked to ArcGIS Pro (Figure 4.1). The form can include drop down 
menus for certain entries to limit responses in order to keep data as consistent as possible. Open 





Figure 4.1 An example of a digital Survey 123 form that could be incorporated into field data 
collection at GFS. Drop-down menus can be incorporated to limit user responses. In this case, a 
form will be created for every single survey point collected by the total station. Forms can then 
be transferred to one spreadsheet where all data are collected and organized. 
Hand drawn sketches of in situ material along with placement of survey points noted in 
the sketch were also important to gathering data on associated specimens for this assessment. 
Sketches are a great way to simplify information and highlight important observations noted. 
With digital field notes, hand drawn sketches can still be incorporated as an image field can be 
added to digital forms. A hand drawn sketch can be photographed with the camera on a tablet 
and uploaded to the digital form in the field. An alternative solution would be to create an 
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annotated photograph of observed specimens. Photographs of in situ features can overcomplicate 
observations noted; however, annotations made on the photographs can help highlight the 
important features. 
A second recommendation for the field data collection methods would be to create a 
more consistent field number. Figure 2.2 breaks down the unique field number created for each 
point recorded by the total station. The format of the field number lends itself well to coding, 
which is becoming increasingly popular and useful in GIS applications. A critical part of coding 
is consistency, and this is important when it comes to the number of characters (digits) associated 
with a code. If a code is always the same number of characters, coding becomes much easier. In 
Figure 2.2, the orange and green parts of the code are always six digits followed by a dash and 
then three digits. After this portion of the field number, the character lengths become more 
variable.  
A skeletal element is designated by a letter(s) depending on the order in which it is 
recovered. For example, if a tapir left femur was the first uncovered element from an associated 
tapir, it will receive an “A” as the element designation. All other spatial points taken on the 
Tapir’s left femur will receive an A as well, but once the second element has been recovered, it 
will be designated by a “B”. Letters “I” and “O” are skipped to avoid confusion with numbers 
“1” and “0”. This provides 24 unique characters for recovered elements coming from the same 
individual. If an associated individual has more than 24 skeletal elements preserved, the entry 
restarts at A and a second character is added to designate the element by running through the 
alphabet a second time (i.e. “Y”, “Z”, “AA”, “AB”, “AC”… etc.). To keep the number of 
characters consistent, it is recommended to start this portion of the field number with two letters 
(“AA”) and continue as normal from there. This will provide a total of 576 unique entries for a 
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given associated specimen at a character length of 2. Mammalian skeletons rarely exceed 250 
skeletal elements, but with this format, something even like an abundance of osteoderms could 
also be recorded in the system. The final portion of the field number designating the point 
number placed on the given skeletal element. This character can be variable as it is the final 
portion included in the code. With this new format, the first three portions of the code (date, 
specimen number, specimen element) will stay a consistent length at 12 characters followed by 
1-3 characters for the survey point placement on skeletons. Point placement rarely exceeds 1 
digit, but some elements recorded in the field notes were represented by hundreds of points 
though these were fragments thought to be associated to a single element.  
This leads to the next limitation of the field number format, which is its inability to 
account for fragmentation in the fossil material. There is no part of the code that designates 
material at the fragment level (i.e., two pieces from a skeletal element that broke apart from each 
other). Rather than come up with a system to incorporate this information into the code, it is 
recommended that field documentation continue to rely on field sketches to understand 
fragmentation of specific elements. This is time-consuming, but it would also be  time-
consuming to the total station operator. It would be all too possible for the operator to type in the 
wrong information and ultimately lead to incorrect data. It is also felt that observations of 
fragmentation are only necessary for detailed studies of individuals much like it was observed for 
ETMNH 305 for this study. Perhaps a scalar fragmentation field in the digital notes would add 
meaningful data to the spreadsheet.   
What’s next? 
Working to create a more consistent, potentially digital, method for field data collection 
can facilitate faster post-processing. Eventually, a workflow could be designed to automate the 
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entire workflow. This is an instance where coding can have an impact on the science carried out 
at GFS as the time taken to prepare data to be analyzed is drastically shortened.    
Where to Dig Next? 
 Considering the potential implications of a mass wasting feature in a sinkhole may aid 
field crews when making decisions in where to dig next. Most of the excavation pits at GFS 
contain the black clay rhythmites that infilled the sinkhole. These deposits are representing the 
interior of the sinkhole rather than the sinkhole edge/bank. The geologic feature identified in the 
Mastodon Pit has oxidized sediments that may reflect more of the sinkhole margin. The two most 
fossiliferous excavation pits at the site thus far are the Mastodon Pit and the Rhino Pit adjacent to 
it. Perhaps they are more fossiliferous as they are reflecting animals preserved near the edges. 
Furthermore, there are fewer aquatic animals present in these two deposits when compared to 
others that contain aquatic turtles, fish, and alligators. Those types of animals are seldom found 
in the Mastodon and Rhino Pits even though they are the most fossiliferous deposits. The Mulch 
Pit has been thoroughly excavated and lies just to the north of both the Mastodon and Rhino Pits. 
The Mulch Pit contains typical rhythmites and fossils that are mostly disarticulated. The deposits 
just south of the Mastodon and Rhino Pits remain unexcavated as they were under a hill. As of 
2019, much of this portion of the hill has been removed, allowing access to the sinkhole deposits 
at lower depths. It is recommended that this area is explored by field crews as this area may be 
approaching the edge of the sinkhole and will be more fossiliferous. If the sinkhole margin is 
identified and proves to be productive, GFS field workers would be able to follow the marginal 




Final Overall Conclusions 
 
● Workflows were proposed to create digital representatives of features and surface 
observed at the Gray Fossil site: 
o Objects can be featured as point-based, line-based, and polygon-based shapefiles 
within ArcGIS Pro. 
o Excavation surfaces can be mapped in high resolution with UAV imagery and 
processed in multiple programs to create 3D raster surfaces for mapped features to 
interact with.  
● Taphonomy of GFS was assessed: 
o Bones with a distinct long axis are often oriented in multimodal directions for all 
excavation pits included in this study, with slightly stronger directional preference 
noted in the Rhino Pit. 
o The inclination of the bones with a distinct long axis had plunges of 11-12° in the 
Mulch and Rhino pits while the Mastodon Pit where plunges were greater at 15-
17°, and the inclinations in each pit have minimal preference in direction. 
o Mean carcass completeness of tapir remains in the Mulch and Mastodon Pits is 
1.7 and 1.8 respectively, with higher values in the Rhino and Tortoise Pits (2.3 
and 2.2, respectively).  
o Unassociated and associated tapirs in the adjacent excavation pits do not appear to 
be deposited at distinctly different depths, but the organization of associated tapir 
individuals is clearly different between the Mastodon Pit and the Mulch and 
Rhino Pits.  
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o Percentages of Voorhies Groups of tapir material are not significantly different 
between the excavation pits. 
o Sedimentary evidence and the distribution of bones and boulders suggest that the 
Mastodon Pit was the site of a mass wasting event. 
o The Mastodon, ETMNH 305 displays similar characteristics of other bones from 
the Mastodon Pit, however there are some qualitative observations that add detail 
to this interpretation.  
● Recommendations for field data collection include: 
o Incorporating digital field notes. 
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